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We present the results of a study of the vortex lattice of the nickel chalcogenide superconductor
TlNi2Se2, using small angle neutron scattering. This is a heavy-fermion superconductor with the
same crystal symmetry as the iron-arsenides. Previous work points to it being a two-gap supercon-
ductor, with an unknown pairing mechanism. No structural transitions in the vortex lattice are seen
in the phase diagram, and only small variations in the anisotropy. Modeling of the form factor and
penetration depth indicates that this material is an unconventional superconductor, with nodes in
the gap structure.
INTRODUCTION
Nickel-chalcogenides are a new class of superconduc-
tor [1, 2, 5–8], with TlNi2Se2 synthesised in single crys-
tal form and characterised in 2013 by Wang et al. [1].
TlNi2Se2 becomes superconducting below 3.7 K, and ap-
pears to be a heavy fermion material with an effective
mass of m∗ = (14− 20)me. There is conflicting evidence
as to the nature of the pairing mechanisms in this ma-
terial [1, 2]. Thermal conductivity data and deviations
from the Wiedemann-Franz law [9, 10] do not support a
d -wave interpretation. However, the heat capacity shows
a power-law dependence of the Sommerfeld coefficient:
γN = 58.33H
0.5 [1]. This is typically associated with
d -wave superconductors [11–13]. In the normal state,
TlNi2Se2 shows Pauli paramagnetism [1]. Additional ev-
idence from the heat capacity and thermal conductivity
[2] infers a two-gap model with a lower gap suppressed at
H∗ ' 0.36Hc2 = 0.29 T. The two gaps are estimated to
be ∆1 = 0.84kBTc and ∆2 = 2.01kBTc [1, 2]. To inves-
tigate this further, we have undertaken a survey of the
vortex lattice (VL) using small-angle neutron scattering
(SANS).
TlNi2Se2 has a tetragonal structure (Figure 1), with
lattice parameters a = (3.870±0.001)A˚ and c = (13.435±
0.001)A˚. It belongs to the I4/mmm space group, like
the iron-arsenides and CeCu2Si2[14] (the first heavy-
fermion superconductor discovered). The resistivity has
an anisotropy ratio of ρc/ρab = 1.57 [1]. The estimated
ratio of the electron mean free path to the coherence
length is le/ξ0 = 33.3  1 (where ξ0 = 20.3 nm [1]),
which places our samples in the clean limit [29].
Figure 1: Crystal structure of stoichiometric TlNi2Se2 [1].
EXPERIMENTAL DETAILS
The work presented here was done on the D33 instru-
ment at the Institut Laue-Langevin (ILL) [3]. Prelim-
inary studies were carried out at SANS-I at the Paul
Scherrer Institute (PSI).
The neutron wavelength used was 7 A˚ for B ≥ 0.2 T
and 12 A˚ for B < 0.2 T with a bandwidth of ∆λ/λ = 0.1.
The collimation was set to 12.8 m with the 2D mul-
tidetector 12 m from the sample. An aperture area
of 1.08 × 10−4 m2 was used, mounted at the end of
the waveguide of the beam between the sample and
beam collimation. The samples were mounted in a 17
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2Figure 2: Image of the mosaic of the seven single crystal samples.
These samples are approximately 0.13mm thick and have a total
volume of 4.68×10−9m3. The solid lines indicate the ab-plane
alignment of the crystals, rotated by 45◦ relative to the xy-axes. The
dashed lines indicate the rocking axes relative to the crystal axes,
with φ rocks a rotation about the x-axis and ω rocks a rotation about
the y-axis.
T horizontal-field cryomagnet equipped with a dilution
insert [4]. The sample orientation about the vertical axis
could be altered in situ.
A mosaic of seven single crystals was prepared (Fig-
ure 1). The c axes are parallel to the field, B (approxi-
mately parallel to the neutron beam). The a and b axes
were aligned at 45◦ to the vertical axis, so that when the
sample was rotated relative to B about the vertical axis,
the crystal symmetry is broken. This permits a single
VL domain to be selected where two domains are visible.
To prepare the vortex lattice at a given temperature
and field, the sample was cooled in an oscillating field
through Tc to the target temperature. The size of the
oscillation was always ±5 mT. This improves the qual-
ity and order of the VL [18], particularly at low fields.
For temperature scans, data were collected by raising the
temperature, rather than warming and cooling through
Tc for each point.
At set values of field (B) and temperature (T ), the
diffraction pattern was collected by rocking through ω
and φ. Background scans were taken in the normal
state at T > Tc, in low- and high-field set-ups then sub-
tracted from the VL foreground measurements. The re-
sulting diffraction patterns were analysed using the soft-
ware package GRASP[19]. Figure 3 are examples of such
diffraction patterns.
The VL was measured with c at angle Ω = 0◦, 10◦ and
30◦ to B so as to select one VL domain. Field dependent
measurements were taken over the range 0.05 T to 0.5 T.
(a) (b)
Figure 3: Diffraction patterns of the VL under ω and φ rocks of ±0.8◦
in steps of 0.05◦ at 2 minutes per point at 0.25 T, 130 mK: (a)
Ω = 0◦, (b) Ω = 10◦. In (a) there is no rotation of the centre of the
rock relative to B, the second domain is still visible and highlighted
by the white hexagon, the 1st domain is the red hexagon. The yellow
angle indicates the opening angle η for investigating anisotropy. In
(b) the 2nd domain has vanished with rotation in Ω.
RESULTS
Vortex lattice structure
The anisotropy of the VL can be characterised as a
unitless ratio, ΓV L:
ΓV L =
(
Q0
QV L
)2
(1)
where QV L is the measured Q value in reciprocal space of
the VL spots, and Q0 is the expected position of the VL
spots for an isotropic hexagonal lattice. Q0 depends on
B, such that Q0 = 2pi
√
2B/
√
3Φ0. A result of Γ > 1 sug-
gests QV L is smaller than expected, while Γ < 1 suggests
a larger QV L than expected. This can be summarised as
a contraction or expansion, respectively, of the VL along
the x-axis in reciprocal space.
A lack of change in the VL is unusual for uncon-
ventional pairing mechanisms, multi-gap systems and
heavy fermion behaviour. These systems are usually
accompanied by some form of VL structural change
such as anisotropy or a transition from hexagon to
square/rhombus [21–24] observed directly in the diffrac-
tion patterns with respect to angle and field modulation.
We might naively expect the VL structure to reflect the
anisotropy seen in the structure, both crystalline (c/a =
3.47), and electronic (ρc/ρab = 1.57) [1]. Instead Figure 4
would suggest that there is a general trend of a decrease
in the magnitude of ΓV L as the field is increased. Along
the x -axis, the VL is slightly contracted at low fields and
slightly stretched at higher fields. This effect is small,
with some results for the higher fields still sitting within
error of ΓV L = 1; the effect is clearest at Ω = 0
◦.
The most significant argument against an anisotropic
interpretation of the VL is the lack of a relationship be-
tween Ω and ΓV L. Typically we would expect anisotropic
3Figure 4: Anisotropy of the VL calculated using equation 1. The
reference line at ΓV L = 1 indicates the area where there is no
anisotropy in the VL. All three values of Ω indicate the a similar
linear relationship of the anisotropy with respect to B with a negative
gradient, passing through isotropy at ≈0.3 T.
Figure 5: Anisotropy of the VL with respect to Ω, at 0.1 T, 0.2 T
and 0.3 T. The data is fitted to equation 2 with the values for Γac
taken from the measured values of ΓV L(Ω = 0) in Figure 4.
behaviour that conforms to the following relationship
[22, 23]:
ΓV L =
Γac√
cos2 Ω + (Γac sin Ω)2
(2)
where Γac is the ratio between the major and minor axes
of the VL in reciprocal space. This can be taken from
the zero angle results given ΓV L(Ω = 0) = Γac.
From Figure 5 we can see that the fit for 0.3 T is very
poor, while the fits for 0.1 T and 0.2 T are slightly bet-
ter. Overall we can see that there is some small presence
of anisotropy in this system, but the fits do not entirely
conform to observed behaviour in general. This suggests
that the orientation of the VL spots and the shape of the
Figure 6: Calculation of the average opening angle η for the top and
bottom spot angular gap. A deviation from 60◦ would indicate a
contraction or expansion in the shape of the hexagonal VL along one
of the axes. There is evidence of some not insignificant deviations
from equilibrium at both high and low fields, while intermediate fields
show the closest match to equilibrium.
VL changes by only a small amount with Ω and more sen-
sitive to B variation. These results illustrate the need for
more intermediate angles and higher angles to improve
the resolution and the range over which an anisotropy
analysis can take place. More angles would likely im-
prove the fitting procedure for analysing ΓV L(Ω).
The anisotropy is very low in comparison to structural
equivalents like KFe2As2 [23], where Γac → 10. An al-
ternative approach is seeing if the spots rotate around
the z axis (‖ to the beam) in χ rather than shift along
the x/y-axes in Q. The χ angle is measured from the
y-axis to a point in the diffraction pattern (such as a VL
spot). Figure 6 illustrates the average angular separation
between the pairs of top and bottom spots (Figure 3a).
The opening angle is η = 60◦ for an isotropic hexagonal
VL. Our results show that there is a weak linear rela-
tionship with B giving a compressed η below 0.3 T and
expanded η above. This is consistent with what we see
in η in Figure 6.
The observed behaviour of the top/bottom spots sug-
gests that these spots are drifting outwards along the
x-axis more rapidly than they should with B. ARPES
results in [20] indicate nodes in the gap structure that
are concurrent with the fourfold symmetry of the crystal
structure. Given the orientation of the crystal (see Fig-
ure 2) this suggests that these spots are moving closer to
alignment with the fourfold symmetry axis of the nodes,
parallel to the a− b axes, with respect to B.
Overall the available evidence suggests a weak
anisotropy for Ω ≤ 30◦, with a maximum anisotropy of
Γac ≈ 1.2 with respect to B and Ω. We can posit that
the anisotropy present in TlNi2Se2 is weak but linked to
the underlying gap and crystal structure, as previously
4Figure 7: Integrated intensity I(q) measurements with B variation.
The sample is rotated in Ω with respect to B for each set. Note the
small increase in I(q) with increased Ω. This could be due to a
decrease in disorder in the VL.
discussed. We may also conclude that the B dependent
anisotropy shows little evidence for the suppression of a
smaller gap at the predicted field of H∗ = 0.29 T. If a
second gap were suppressed it would likely present as a
discontinuity in the signal.
Despite Refs. [1] and [2] identifying the material as a
two-gap heavy fermion superconductor with potentially
unconventional pairing mechanisms, there appears to be
no significant structural transitions of the VL and no
significant discontinuities in the VL signal for Ω and B
variation. Unconventional superconductors, particularly
d -wave systems, tend to be accompanied by some form of
VL structural change such as anisotropy or a transition
to square/rhombus [21–24]. This does not however, rule
out the unconventional case for this material.
Integrated intensity and form factor
By rotating in Ω we select a single domain of the
VL for analysis. The 2nd domain signal for Ω = 0◦ is
comparable to the 1st domain signal. The 2nd domain
rapidly diminishes with increased Ω. In Figure 7 we see
both domains summed together. The larger errors for
Ω = 10◦, 30◦ are due to the weak 2nd domain signal here.
The intensity of the VL spots with respect to the rocking
angle (ω, φ) was fitted with a Gaussian function. We
obtain the signal strength of the VL by integrating over
the area between the foreground Gaussian curve and the
background at for each diffraction spot. The integrated
area is the integrated intensity, I(q). We observe an in-
crease in I(q) of the VL with increased angle, Ω, in Fig. 7.
According to [1, 2] We would expect to see a suppres-
sion of the smaller gap at H∗ = 0.29 T. In the case of
the integrated intensity this would manifest as a sud-
Figure 8: I(q) with temperature variation at Ω = 30◦ rotation with
respect to the field. This angle was chosen as it had the largest |F (q)|
signal with respect to field and the VL had the strongest signal; low
disorder was seen even at T ' Tc. The data has been averaged over
the ω and φ scan results.
den drop in the the VL signal, I(q). A suppressed gap
would decrease the number of Cooper pairs supporting
the superconducting state above H∗. We do not observe
a discontinuous or smooth transition in the vicinity of
H∗ to indicate such a gap suppression.
The form factor, F (q) gives a measure of the modula-
tion of the VL field on top of the applied field. This is
calculated using the Christen formula for the integrated
intensity [25]
I(q) = 2piV λ2nφn
(γn
4
)2 (|F (q)|)2
Φ20cos(ζ)q
(3)
where V = 4.68×10−9 m3 is the total volume of the sam-
ple mosaic, λn = 7 A˚, 12 A˚ is the neutron wavelength,
φn = 7.71 × 109 cm−2s−1 is the neutron flux (extracted
via a direct beam measurement with known aperture size
of 1.08 × 10−4 m2), γn = 1.92 is the gyromagnetic ratio
for a neutron, F |(q)| is the form factor, Φ0 is the flux
quantum, q is the q-value associated with the applied
field for the diffraction pattern and ζ is the Lorentz an-
gle (the angle between the spot being analysed and the
normal of the rocking angle axis). In this investigation
all of the spots are averaged to get 〈I(q)〉 to analyse how
the whole VL is behaving. Equation 3, when rearranged,
gives us the FF results seen in Fig. 10 and Fig. 11.
Additionally, a single set of results was taken at Ω =
30◦ rotation of the sample and 0.15 T with temperature
variation from 100 mK up to 3.5 K. The previous, field
dependent, data in Fig. 7 indicates that the strongest
VL signal is at a 30◦ rotation from the field and 0.15 T
at λn = 7 A˚ and so would give the largest intensity for
the VL at T ' Tc for λn = 7 A˚ (and ensures the 2nd
domain has the smallest possible contribution). The T
5Figure 9: Comparison of I(q) averaged over the whole VL compared
with the models for s-wave and nodal superconductivity using the
Prozorov [26] framework and the Christen formula, equation 3
dependent results are powerful for analysis as they can
lead to calculations of the penetration depth λ(T ).
The majority of the useful calculations for investigat-
ing the pairing mechanisms of TlNi2Se2 can be extracted
from the F (T ) data that is presented in this work. We
begin our analysis in the BCS theory and look at what a
calculation of λ(T ) tells us about the gap structure. De-
spite successful BCS fits existing for λ(T ) [26–28], these
rely on the assumption of a spin-singlet s-wave gap struc-
ture. This material has already been established as heavy
fermion so a BCS fit will likely be insufficient.
In order to extract a value for λ(T ) while taking into
account the finite core size of the vortices in the VL, a
modified London model is used [29]
|F (q)| = B
1 + q2λ2
e−cq
2ξ2 (4)
where c is a constant in the Gaussian cut-off term that,
along with the coherence length ξ, determines the width
of the flux cores. By substituting equation 4 into equa-
tion 3, λ(T ) can be extracted from I(q).
For a more complete analysis, we must compare ideal
models of s-wave and nodal (unconventional) supercon-
ductivity to the original I(q) data, such that the repre-
sentation of the data is not affected by assumptions for
the variation of the ξ (of which little is known for this
material). To do this the models are created from equa-
tion 3 and equation 4. In order to calculate the models
we need to have a good representation of the behaviour
of the λ(T ). This is the step where we involve varia-
tion in the pairing symmetry. We use previous attempts
by Prozorov et al. [26–28] using a modified BCS the-
ory that can accommodate unconventional pairing mech-
anisms and nodes. The Prozorov framework is a simpli-
fication of the work by Izawa et al. [33, 34] on nodal
Figure 10: |F (q)| calculated from the integrated intensity as a
function of field for each of the accessed Ω angles. This data is
calculated using only the first domain measurements of the integrated
intensity.
pairing for point and line nodes. We start at the Lewis
two-fluid model for λ(T ) [28, 29],
λ(T ) =
λ(0)√
1− t4 ; (5)
where t = T/Tc. Although this can give a reasonable
estimate for λ(T ) it only represents an ideal for a clean,
local BCS superconductor. Instead we must use the pro-
cedure derived by Prozorov et al. [26] as follows
λ(T ) =
λ(0)√
1− tp (6)
where p is estimated to be p = 2 for s-wave. Em-
pirical fits have shown p = 4 is not universal [28, 29],
with p = 2 being a better representation of s-wave be-
haviour. p = 4/3 has similarly been shown to fit for
nodal gap structure [26]. We can generate comparative
models for F (q, T ) and I(q, T ) and see how the empirical
results compare. This approach helps classify the pairing
symmetry of the gap function and potentially highlights
any suppression of specific pairing mechanisms based on
changes in p. The models created with this method are
given in Figures 9, 11 and 12 for I(q, T ), F (q, T ) and
λ(T ), respectfully.
We see from Figure 9 a strong correlation of the in-
tegrated intensity to the nodal model. The integrated
intensity is calculated by averaging the integrated inten-
sity of all six VL spots in the first domain with respect
to temperature, giving an impression of the overall be-
haviour of the VL signal. This result is surprising given
the lack of obvious VL structural reordering with field,
temperature or angle.
Linear behaviour in a logarithmic plot of |F (q)| with
field variation is usually indicative of conventional be-
haviour with respect to field as it indicates little change
6Figure 11: The |F (q)| has been presented alongside ideal |F (q)|
models for s-wave and nodal gap structures. Here, |F (q)| is the
average of the ω and φ results. The average |F (q)| shows the closest
correlation with the nodal model.
in the coherence length with field, whereas non-linear
behaviour could be indicative of unconventional super-
conductivity. In the case of Figure 10 we see areas of
linear behaviour in the logarithmic plot, but not across
the entire range of fields accessed; specifically the lowest
and highest temperatures of the range.
Figure 11 very much indicates the same as Figure 9; the
signal conforms most closely to a nodal interpretation.
This is very surprising considering the lack of structural
changes but there is room for error at the extremities
of the temperature range to suggest an evolution of the
pairing mechanism. Overall we see a strong fit in Fig-
ures 9 and 11 to an unconventional picture dominating
the pairing symmetry in the superconducting state.
Figures 9 and 11 represent the most visually useful
analysis of the available temperature dependent data for
trying to identify the pairing mechanism. A direct com-
parison with ideal models lends more weight to the argu-
ment for a nodal interpretation contrary to conclusions
by Hong et al. [2]. In order to compliment the data
fits and |F (q)| calculations we also present λ(T ) calcu-
lations using equation 4 for the data and equation 6 for
the comparative models. The penetration depth analysis
is presented in Figure 12.
Although λ(T ) is presented in comparison to models,
a fit of the data was also performed using equation 6.
The fitting procedure yields the following values: λ0 =
(153.42 ± 2.08) nm, p = 1.31 ± 0.11, Tc = (3.68 ± 0.09)
K. This fit puts the power coefficient close to the nodal
model value of p = 1.333 and signifies λ is concurrent
with the nodal model for averaged results of the ω and φ
scans.
If we look at the separate ω and φ scan calculations of
the penetration depth and their respective fits we get a
slightly different picture emerging in Figure 13. In this
Figure 12: Calculated values of λ(T ) versus temperature; λ(T ) has
been calculated then compared to the ideal Prozorov models discussed
earlier. Here the λ(T ) is calculated from rearranging equation 4 but
fixing the core correction exponent to be ≈ 1.
Figure 13: Calculated values of λ(T ) versus temperature for the ω
and φ scans separately.
case we get the following fits of λω0 = 156.52 ± 1.75 nm,
pω = 1.37±0.09, Tωc = 3.60±0.05 K, λφ0 = 149.60±4.58
nm, pφ = 1.20±0.24 and Tφc = 3.90±0.25 K. These sep-
arate fits indicate an interesting divergence in the pen-
etration depth on approaching Tc, but with values of p
within < 1σ of each other. This could be suggestive of
multiple gaps with their presence only becoming appar-
ent as T → Tc and the smaller gap experiences greater
degrees of suppression as a result of a larger penetration
depth.
DISCUSSION
We can likely rule out multiple gaps in the gap struc-
ture of TlNi2Se2. If we were seeing multiple gaps, two
gaps as proposed previously [1], we would see evidence of
7one or more of these gaps suppressed at some field below
Hc2 . Previous work identified a feature in the thermal
conductivity that put a smaller gap being suppressed at
≈0.29 T. We do not see any sudden shift in the form fac-
tor signal around this field, nor do we see a sudden shift
in the VL structure or anisotropy in the vicinity of this
field.
In previous work TlNi2Se2 showed some evidence of
potentially being a d -wave superconductor [1]. Generally
speaking d -wave superconductivity can be identified in
SANS studies by a rearrangement of the VL with respect
to field or angle [24]. In this investigation we have seen
no such rearrangement. This does not preclude the exis-
tence of d -wave pairing entirely, but it is far less likely.
Anisotropy is small in the VL with field and angle vari-
ation but is consistent with field and reflects a possible
shift of flux lines attempting to align with the fourfold
crystal and nodal structure.
The most likely candidate for the gap structure is a
nodal gap due to the enhancement of λ(T ), the linear be-
haviour of F (q, T ) and the agreement between the data
and the nodal gap behaviour outlined by the work of
Prozorov et al. [26, 35]. The conspicuous lack of struc-
tural changes in the VL is unusual for an unconventional
superconductor and certainly indicates that the material
has nodes, but does not likely have a fully d -wave pairing
system [24]. This is comparable to the interpretation of
the analogous material KFe2As2, which is an unconven-
tional, nodal s-wave superconductor, sometimes denoted
as s±-wave [21–23]. Given that a lack of structural re-
ordering in the VL or anisotropy is an indicator of a lack
of any d -wave pairing present [24] in the Fermi surface,
this raises the question of whether the VL anisotropy is
in fact being inhibited in some way which could be made
clear by probing at much higher angles of Ω. What seems
more probable is that the apparent d -wave preference is
an artifact of nodes in the superconducting gap, sup-
ported by the consistent adherence to the nodal models
used in this work.
CONCLUSION
We can conclude that TlNi2Se2 is a nodal superconduc-
tor given the linear behaviour of the form factor. How-
ever, given the weak anisotropy and lack of rearrange-
ment of the VL we cannot necessarily attribute this nodal
behaviour to d -wave pairing. Given the lack of features in
the vicinity of the predicted suppression field, H∗ = 0.29
T in field dependent results, we must also conclude that
there is only a single nodal gap controlling the supercon-
ductivity in this material.
Continued investigation of this material will clarify
some of the unusual results given in this work. It would
be prudent to continue SANS studies of the VL up to
much larger angles of rotation with respect to the field
in order to probe for any structural changes in the VL
and to see how the form factor signal continues to evolve
with angle.
ACKNOWLEDGEMENTS
This work was supported by the U.K. Engineering and
Physics Sciences Research Council (EPSRC) funding un-
der award No. 1521657 and grant No. EP/J016977/1.
This work was is based on experiments performed at the
Institute Laue Langevin (ILL). We are grateful for sup-
port from the National Basic Research program of China
under Grant No. 2016YFA0300402, 2015CB921004
and the National Natural Science Foundation of China
(No. 11374261), the Zhejiang Provincial Natural Sci-
ence Foundation (No.LY16A040012) and Fundamental
Research Funds for the Central Universities of China.
∗ EXJ001@bham.ac.uk
[1] H. Wang, C. Dong, Q. Mao, R. Khan, X. Zhou, C. Li, et
al., Phys. Rev. Lett., 111, 207001 (2013).
[2] X. C. Hong, Z. Zhang, S. Y. Zhou, J. Pan, Y. Xu, H.
Wang, Q. Mao, M. Fang, J. K. Dong, S. Y. Li, Phys.
Rev. B 90, 060504 (2014).
[3] E. Jellyman, E. Blackburn, R. Cubitt, E. M. Forgan,
A. T. Holmes, P. Jefferies, S. Pollard and R. Riyat.
(2016). Probing the angular dependence of the vortex
lattice in a Nickel-chalcogenide superconductor. Institut
Laue-Langevin (ILL) doi:10.5291/ILL-DATA.5-42-417
[4] A. T. Holmes, G. R. Walsh, E. Blackburn, E. M. Forgan
and M. Savey-Bennett, Review of Scientific Instruments
83, 023904 (2012)
[5] X. B. Wang, H. P. Wang, H. Wang, M. Fang and N. L.
Wang, Phys. Rev. B 92, 245129 (2015)
[6] S. K. Goh, H. C. Chang, P. Reiss, P. L. Alireza, Y. W.
Cheung, S. Y. Lau et al., Phys. Rev. B 90, 201105(R)
(2014)
[7] N. Xu, C. E. Matt, P. Richard, A. van Roekeghem, S.
Biermann, X. Shi et al., Phys. Rev. B 92, 081116(R)
(2015)
[8] J. R. Neilson, A. Llobet, A. V. Stier, L. Wu, J. Wen, J.
Tao et al., Phys. Rev. B 86, 054512 (2012)
[9] M. J. Graf, S. K. Yip, J. A. Sauls and D. Rainer, Phys.
Rev. B 53, 15147 (1996)
[10] A. C. Durst and P. A. Lee, Phys. Rev. B 62, 1270 (2000)
[11] D. A. Wright, J. Emerson, B. Woodfield, J. Gordon, R.
Fisher and N. Phillips, Phys. Rev. Lett. 82, 1550 (1999)
[12] H. D. Yang and J. Y. Lin, J. Phys. Chem. Solids 62, 1861
(2001)
[13] H. P. van der Meulen, Z. Tarnawski, A. de Visser, J.
Franse, J. Perenboom, D. Althof and H. van Kempen,
Phys. Rev. B 41, 9352 (1990)
[14] F. Steglich, J. Aarts, C. Bredl, W. Lieke, D. Meschede,
W. Franz and H. Scha¨fer, Phys. Rev. Lett. 43, 1892
(1979)
[15] E. H. Brandt, Phys. Status Solidi, 51:345 (2002).
[16] E. H. Brandt, Rep. Prog. Phys., 58:1465 (1995).
8[17] E. M. Forgan, S. J. Levett, P. G. Kealey, R. Cubitt, C. D.
Dewhurst, D. Fort, Phys. Rev. Lett., 88:167003 (2002).
[18] J. S. White, V. Hinkov, R. W. Heslop, R. J. Lycett, E.
M. Forgan, C. Bowell, S. Stra¨ssle, A. B. Abrahamsen, M.
Laver, C. D. Dewhurst, J. Kohlbrecher, J. L. Gavilano,
J. Mesot, B. Keimer, and A. Erb, Phys. Rev. Lett. 102,
097001 (2009).
[19] C. D. Dewhurst, GRASP User Manual, Technical Re-
port No. ILL03DE01T, Institut Laue-Langevin, Greno-
ble, 2003, available at [http://www.ill.fr/lss/grasp].
[20] N. Xu, C. E. Matt, P. Richard, A. van Roekeghem, S.
Biermann, X. Shi et al., Phys. Rev. B 92, 081116(R)
(2015)
[21] H. Kawano-Furukawa, C. J. Bowell, J. S. White, R. W.
Heslop, A. S. Cameron, E. M. Forgan, K. Kihou, C. H.
Lee, A. Iyo, H. Eisaki, T. Saito, H. Fukazawa, Y. Ko-
hori, R. Cubitt, C. D. Dewhurst, J. L. Gavilano and M.
Zolliker, Phys Rev. B 84, 024507 (2011).
[22] H. Kawano-Furukawa, L. DeBeer-Schmitt, H. Kikuchi, A.
S. Cameron, A. T. Holmes, R.W. Heslop, E. M. Forgan,
J. S.White, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, T.
Saito, H. Fukazawa, Y. Kohori, and J. L. Gavilano, Phys.
Rev. B 88, 134524 (2013).
[23] S. J. Kuhn, H. Kawano-Furukawa, E. Jellyman, R. Riyat,
E. M. Forgan, M. Ono, K. Kihou, C. H. Lee, F. Hardy, P.
Adelmann, Th. Wolf, C. Meingast, J. Gavilano and M.
R. Eskildsen, Phys. Rev. B 93, 104527 (2016).
[24] A. D. Bianchi, M. Kenzelmann, L. DeBeer-Schmidt, J.
S. White, E. M. Forgan, J. Mesot et al., Science, Vol
319(5860), 11 January 2008.
[25] D. K. Christen et al., Study of intermediate mixed state
of niobium by small angle neutron scattering, Phys. Rev.
B 15, 4506-4509 (1977).
[26] R. Prozorov and R. W. Gianetta, Supercond. Sci. Tech-
nol. 19, R41 (2006).
[27] J. Mao, D. H. Wu, J. L. Peng, R. L. Greene and S. M.
Anlage, Phys. Rev. B 51 3316 (1995).
[28] H. W. Lewis, Phys. Rev. 102 15081 (1956).
[29] M. Tinkham, Introduction to Superconductivity, Second
Edition, Dover Publications Inc., Mineola, New York
(1996).
[30] G. Goll, Unconventional Superconductors: Experimen-
tal Investigation of the Order-Parameter Symmetry,
Springer-Verlag Berlin Heidelberg (2006).
[31] M. H. S. Amin, I. Affleck and M. Franz, Phys. Rev. B
58, 5848 (1998).
[32] M. H. S. Amin, M. Franz and I. Affleck, Phys. Rev. Lett.
84, 5864 (2000).
[33] K. Izawa, K. Kamata, Y Nakajima, Y. Matsuda, T.
Watanabe, M. Nohara et al., Phys. Rev. Lett. 89, 137006
(2002).
[34] K. Maki, P. Thalmeier and H. Won, Phys. Rev. B 65,
140502(R) (2002).
[35] F. Gross-Alltag, B. S. Chandrasekhar, K. Andres, P. J
Hirshfeld, H. R. Ott, J Beuers, Z. Fisk and J. L. Smith,
Z. Phys. B (64) 175-88 (1986).
[36] J. S. White, R. W. Heslop, A. T. Holmes, E. M. Forgan,
V. Hinkov, N. Egetenmeyer, J. L. Gavilano et al., Phys.
Rev. B 84, 104519 (2011).
[37] H. Won, H. Jang, D. Parker, S. Haas and K. Maki,
arXiv:cond-mat/0405099v1 [cond-mat.supr-con], 5 May
2004.
[38] H. Matsui, K. Terashima, T. Sato, T. Takahashi, M. Fu-
jita and K. Yamada, Phys. Rev. Lett. 95, 017003 (2005).
[39] S. Souma, Y. Machida, T. Sato, T. Takahashi, H. Matsui,
S.-C. Wang, et al., Nature 423, 65-67 (2003).
[40] L. Jiao, C. Huang, S. Ro¨ßler, C. Koz, U. K. Ro¨ßler, U.
Schwarz, S. Wirth, Scientific Reports 7, 44024 (2017)
